Biomass energy is growing worldwide as generators continue their search for sustainable energy sources. This project focuses on the storage of biomass fuels, investigating degradation. Four different fuels were stored in air-tight buckets for 9 months to promote artificial degradation and provide an initial benchmark in a long-term project investigating the impact of different storage scenarios on a range of fuels. At regular intervals, samples were taken out of buckets for analysis including stereo zoom microscopy and thermogravimetric analysis. Fungal analysis was carried out on two degraded fuels.
INTRODUCTION
Unprecedented levels of tension are currently being experienced in the energy industry worldwide. According to current trends, the energy demand is predicted to double by 2050 [1] . This comes with increasing uncertainties in energy security with tighter and more rigid regulations on carbon dioxide and other greenhouse gas emissions. Co-firing biomass with coal can reduce the net carbon dioxide and other greenhouse gases emissions in power generation [2] . However, there are issues relating to storage and handling of biomass for co-firing which this project seeks to address; both in the work presented here and over the future planned work.
Previous work has been carried out on understanding the impact of storage on biomass with the focus either on one fuel [3] [4] [5] or one fuel in different forms (size, shape) [6] or a combination of fuels but of the same fuel type, e.g. agricultural wastes, energy crops [7, 8] . The most commonly investigated fuel properties include changes to moisture content, heating value and ash content of fuels, temperature in stock piles, weight of piles. A few authors concentrated on more specific aspects such as emissions from wood pellet piles [9] , or the effect of particle size on bridging tendency [10] . In addition to biomass storage, the handling of biomass and the health impact on workers has been studied in the literature, although to a lesser extent than the degradation during storage [11 -13] . Biomass degradation can involve fungal growth with certain species of fungi, if present in large enough concentrations, being hazardous to human health. Previous work on microbial growth on biomass includes Gelbrich et al. [14] where the chemical changes in wood degraded by bacteria were studied and Vane et al. [15] focused on bark decay by the white-rot fungus Lentinula edodes.
This article presents work from the first stage of a 4-year project where the overall project aim is to compare the storage behaviour of a variety of fuel types, subsequently analysing their handling and milling characteristics after storage. The work presented here studied artificially degraded biomass fuels over a period of 9 months. Four different biomass fuels were stored in air-tight buckets within a laboratory environment with samples taken out of the buckets on a monthly basis, dried, ground and sieved prior to thermogravimetric analysis (TGA). A combined TGA proximate analysis/rate of char burnoff test was carried out on each sample. Stereo zoom and optical microscopy techniques were applied on the samples. In addition, degraded samples were analysed for fungal count and identification. The experiments are described below, along with key results and conclusions.
air-tight plastic buckets on the same laboratory shelf at ambient laboratory conditions with variations in temperature ranging from 5 to 258C. At regular intervals, samples of forestry residue and willow chips were taken and ground through a Retsch mill SM-2000 [16] . Samples were then dried in the lab environment for 4 h, before being passed through a sieve arrangement consisting of eight sieves from 1.7 mm down to 212 mm. The drying was necessary to ensure sieves did not get blocked with wet samples. The above steps were carried out on all samples prior to TGA analysis. As for the miscanthus and pine pellets which showed less degradation by eye, the sampling from buckets and testing were carried out only at the beginning and end of the trial, which was in July 2010 and January 2011.
Stereo zoom microscopy was carried out on fresh and degraded samples, as shown in Section 3.1. A Nikon SMZ-10 microscope was used and the sample was analysed after being positioned on a sample holder below the instrument.
TGA is growing as a laboratory method for analysing coal and biomass samples on a small scale. A combined proximate analysis/char burnoff test was also carried out on each sample using an SDT Q-600 TGA from TA instruments [17] . The test consisted of four main continuous stages which are run sequentially in one test. The combined method is used to determine the moisture, volatile, fixed carbon and ash content of the sample in one experiment. Similar combined methods have been used by Stenseng et al. [18] and Lester et al. [19] .
In stage 1, the sample was heated in nitrogen at 508C/min to 1108C and then held at 1108C for 5 min to drive off the moisture. In stage 2, the sample was further heated at 1508C/min to 7008C and held at 7008C for 5 min to drive off the volatiles. This lower devolatilization temperature was chosen to ensure that char reactivity was not affected, so that combustion differences between samples as a result of degradation could be measured. A lower devolatilization temperature was also used by Stenseng et al. [18] , Farrow and Snape [20] and Stahl et al. [21] . After devolatilization, the temperaure was then equilibrated to 4508C prior to introducing the air to allow burnoff of the remaining char. Burnoff was allowed to take place for 40 min, to ensure complete combustion. This lower combustion temperature was chosen instead of the more conventional temperature of 850 -9008C used in biomass combustion tests, to ensure a reasonable char burnoff time, allowing combustion rate differences between samples to be highlighted. Results showed that ash yields were not very dissimilar. In all of the drying, devolatilization and combustion stages, the timings were investigated to optimize the method for biomass samples. Increasing the isothermal time step would not have resulted in any further mass loss, as indicated by the plateau in the weight % vs. time graphs.
Degraded willow and forestry samples (after 6 months in storage) were also analysed by Mologic Ltd [22] for fungal count and identification. Two to three grams of each sample was ground and 10 ml of 0.1% (w/v) Tween 80 was added to 1 g of the fine material and the mixture was then vortexed for 2 min. The liquid extract was serially diluted in 0.1% Tween 80 and 100 -200 ml samples were plated out onto Oxytetracycline (100 ppm) malt extract agar (OMEA). Plates were incubated at 258C and inspected daily for 7 days. After counting, moulds were picked off and re-streaked onto OMEA to ensure purity. Moulds were identified by D1/D2 rDNA sequencing.
RESULTS AND DISCUSSION

Microscopy
Visible changes over time to the samples proved most significant and noticeable for the forestry residue, followed by the willow chips, with no significant changes observed for the miscanthus and pine pellets. The main observations which could be made under the microscope for the forestry residue and willow chips included the extent of fungal growth and change in colour, appearance, shape and texture, as described and shown in Figures 1 -4 .
The forestry residue suffered the biggest changes (change in texture, stickiness, fungal growth, flattening). The forestry residue was the most non-homogenous material studied. Figures 1 and 2 show images of segments of a forestry residue chip in July 2010 and October 2010, respectively. Scales in all four images are in millimetre.
In Figure 1 , the plant detail can be observed with distinct leaf shapes and features. The fungal attack has started as shown by the white material present at leaf segment intersection. However, in Figure 2 , the plant detail can no longer be observed, with significant surface degradation obscuring the plant features. The image (Figure 2 ) also shows fungal strands forming a web-like structure over the plant material, resulting in stickiness. Fungal strands can also be observed to be linking two part of the sample (red circle in Figure 2 ). From these microscopic images alone, it is clear that the forestry residue has degraded by fungal attack from July to October 2010. Figures 3 and 4 show the microscopy images for the willow chips at the same point in time as Figures 1 and 2 .
In a similar manner to the forestry residue sample, fungal growth has taken place on the willow chips from July to October 2010. The types of fungi observed are different from those on the forestry (Section 3.4), resulting in a fluffy white spread across the chip. No web-like structure can be observed. Both the forestry residue and willow chips became sticky to touch and again, this raises concerns around handling, conveying and milling. of the moisture, volatiles, fixed carbon and ash content (at 4508C) for each of the four fuels. From July 2010 to March 2011, samples were taken from the top of each bucket. However, in April 2011, an extra sample was taken from the bottom of the bucket for the willow chips and the data for this sample are shown by the single data point on each graph and is entitled 'Willow bottom'. This was to compare potential degradation variations through the depth as the trial terminated and it was possible to investigate biomass behaviour at the bottom of the pile as visually the biomass looked nonhomogenous in degradation behaviour.
Proximate analysis
Both the willow and forestry residue chips show an increased moisture content in the colder winter months ( Figure 5 ). The changes are more significant in the willow. In the bucket environment, a series of evaporation and condensation cycles would have taken place with the moisture trapped in the sealed container. This was visually observed as at times the bucket lid had moisture present on the inside. From the trends observed, less evaporation occurs in the winter, so the moisture stays bound in the fuel.
All four fuels show an overall decreasing trend in volatiles, which would have been caused by an increase in temperature in the buckets following microbial activity [23] . A degree of sample variation can be observed for both the forestry and willow chips, reflecting the non-homogeneity of the fuel.
The ash content in a biomass fuel corresponds to the inorganic constituents which cannot be converted into energy [24] . So the higher the ash content of the fuel, the lower its quality. From the experimental results, all four fuels show increasing ash content with time, which is a sign of degradation. The ash content of the forestry chips increased significantly, reaching as high as 14%. The forestry chip, like the willow chip, was a wet fuel and so fungal growth and attack took place while the fuel was in storage. But while the willow was mainly woody, the forestry also consisted of leafy material and was therefore a non-homogenous material, which explains the higher ash content and also greater variation in results seen.
The willow sample from the top of the bucket was compared with that from the bottom of the bucket in April 2011. The sample from the bottom contained more moisture and volatiles and less fixed carbon and ash, and this reflects a smaller extent of degradation [25] . For fungal growth to take place, air must be present, as is the case for all living organisms. Because of the fully enclosed environment, the bottom layers were not in contact with air, resulting in less fungal growth and a lower degree of fuel degradation.
Char burnoff profile
Figures 9-12 show the TGA char burnoff profiles of each of the four fuels obtained using the approach given in Section 2. The graphs show the rate of weight loss as a function of burn off time, with air introduced into the furnace for burn off at time zero. These graphs only highlight the combustion stage of the thermogravimetric process, having been preceded by the drying and devolatilization stages and a reduction in the temperature from 700 to 4508C. For the miscanthus chips and pine pellet results, the char burnoff profiles of the July 2010 samples are not very different from those of the January 2011 samples. For both fuels, the variation in the char burnoff profiles occurred between 8 and 12 min and outside of this time range, the maximum percentage variation is 3%. Although both materials did degrade, the extent of degradation was not significant enough to affect the rate of burnoff. However, for the forestry and willow chips, there are significant drops in the burnoff rate with time as the trial proceeded with combustion initiating later, a slower rate and later completion time seen. It is noticable that the forestry shows a gradual change with time, whereas the willow shows similar behaviour over the first 6 months followed by a noticably different behaviour in 11 April. This change in the willow is also reflected in the proximate analysis results with a large increase in ash up to 7% and a large decrease in volatiles down to 66%.
Fungal analysis
The main results from the fungal count and identification on the January Willow and forestry residue samples which had been stored for 6 months are shown in Table 1 .
Reports from Mologic conclude that the counts per gram are fairly high, but this can be expected for these types of material. The counts indicate that these fungi were probably already growing on the biomass prior to the testing period, which would be expected in a closed bucket environment. These counts can be regarded as the levels from fairly clean materials, as opposed to obviously mouldy materials where the count may be 10 8 or 10 9 /g. None of the identified fungal species are pathogenic and potentially harmful to human health.
The percentage value in brackets, e.g. 99.6% for the Galactomyces geotrichum, refers to the percentage identity of the DNA sequence with the closest reference species, whose DNA accession number is indicated, e.g. GQ458034. In general, numbers above 99% indicate that it is the same species.
CONCLUSIONS
An enclosed storage system was utilized to study the degradation behaviour of four biomass fuels. As the samples were sealed in an air-tight enclosure and stored in a common environment, a comparison of the proximate and burnoff characteristics, together with fungal growth, was possible between the four fuels, the four fuels being willow chips, forestry residue chips, miscanthus chips and pine pellets.
From the results, it can be concluded that air-tight storage did result in degradation for each of the four fuels, as shown by an increase in ash content. The volatile content showed an overall decreasing trend and the fixed carbon an overall increasing trend. The moisture content, however, was affected by ambient conditions, with higher moisture loss in the warmer months. The forestry residue showed the largest increase in ash content of all the samples, as well as the largest decrease in the burnoff rate. This behaviour could be explained by the variety in the sample, which consists of both woody and leafy material.
The drier miscanthus and pine pellet were less degraded than the wetter willow and forestry, as evidenced by a more consistent level of fixed carbon and ash. This could be explained by the low level of fungal growth on these materials. Stereo zoom micorscopy on these materials did not reveal any fungal presence.
Both the willow and the forestry had fungal formation on them, as shown by the microscopy and also the fungal analysis. However, both fuels, when analysed after 6 months in storage, would still not be classified as obviously mouldy materials as the latter would be expected to contain a thousand times more number of spores per gram.
